Summary. More than seventy underground nuclear explosions detonated in the Tuamotu Archipelago of French Polynesia have been detected on the short-period vertical Benioff seismograph at Rarotonga in the Cook Islands. Early data suggested that the duration of the T-phase provides a better estimate of the magnitude of the events than does the amplitude, but with more data now available it has been shown that amplitude is in fact the more reliable parameter. Data prior to 1980 are more scattered than those since. This appears to be related to the substantially different station network in those early years, compared with the later period, and suggests some unreliability in early data. Station corrections have been extracted and improved estimates of the magnitudes of the events obtained.
Introduction
The occurrence of T-phases on seismograms at island and coastal stations has long been recognized. Their usefulness in identifying underground nuclear explosions in French Polynesia from recordings made at Rarotonga was described by Adams (1979) . The high microseism level usually prevents recording of the P-wave, but the hydroacoustic T-phase is usually clear, even for quite small events. Adams described the propagation of T-phases from French Polynesia to Rarotonga, and their appearance on the seismograms, in particular the very uniform frequency between 2 Hz and 4 Hz, the onset of maximum energy much sharper than is normal for T-phases, the timing of the arrivals consistent with detonation times at an exact minute, and the occurrence of later arrivals in the T-phase wave-train. On the basis of the four events recorded prior to his study, he suggested that the duration of the signal correlated better with the magnitude than did the trace amplitude, and he derived a relationship which enabled the magnitude to be estimated from the duration.
The present paper examines the much larger data set now available, shows that trace amplitude is in fact a better statistic than duration, and presents a relationship between trace amplitude and body-wave magnitude. Table 1 . Date, time and T-phase trace amplitude (mm) for underground nuclear explosions, with magnitudes and inferred yields as discussed in the text. All origin times were close to the exact minute, except the 1979 November 22 evcnt which was close to the half minute. at Rarotonga, Cook Islands, has been used for identification of underground nuclear explosions in French Polynesia. More than seventy events have now been detected. The particular discriminant in the T-phase in this case is the characteristic later arrival about 110 s after the first, described by Adams ( I 979) . He suggests that it is a reflection from another island, and discusses possibilities. Of these events, 39 were large enough to rate a mention in the monthly Preliminary Determination of Epicentres, issued by the US. National Earthquake Information Service, in which they were assigned magnitudes. These events afe listed in Table 1 with the NEIS magnitudes and the number of station magnitudes used, and in Fig. 1 the T-phase amplitudes are plotted against the NEIS magnitudes. Trace amplitudes are shown in millimetres; the magnification is 6250 at 1 Hz. The events prior to 1980 are identified in Fig. 1 , from which it will be seen that they show more scatter than those of 1980 and later. In addition, the observations between 1 0 m m and 20mm trace-amplitude are from events of consistently higher magnitude than those in the later data. Possible reasons for this are discussed below. There have been no instrumental changes at Rarotonga. But the correlation for the later events is encouraging because the slope of a best-fit straight line is close to unity, which would be expected theoretically. Fig. 2 shows the same events with signal duration plotted against body wave magnitude m b . Adams (1979) chose duration rather than amplitude because that regression against magnitude was apparently better. But he had only four events. With the many more data now available, two difficulties are evident from Fig. 2 . First, the regression against magnitudes is clearly not as good as in Fig. 1 . Second, the data in the T-phase signature on the record, and thus reveals the difficulty in using duration as a parameter for determining magnitude. A seismogram is shown in Fig. 3 . Adams described the secondary arrival (D) about 110 s after the first (A). But in fact the first consists of several arrivals, a t least for large events. For the smallest events only the first (A) is seen. For larger events the coda of this phase extends into a second arrival (B), which becomes indistinguishable from it. So in Fig. 2 there is a group of data between 30 s and 50 s. Likewise, in Fig. 3 there is another arrival (C), and for the largest events it is impossible to define any end t o the coda o f B before the third wave arrives. Thus there is a third small group of data in Fig. 2 at 90-100 s. One could fit a regression line t o the 50-70 s group, but the gradient is so small that it could not be used for a reliable estimate of magnitude. This observation of multiple reflections is consistent with the findings of Nbrthrop & Morrison (197 1) and Northrop (1973) who found it in T-phases from nuclear explosions but claimed that it is not normally present in earthquake-generated T-phases. The problem of measuring duration is further complicated by the extremely variable noise levels experienced at island stations.
Comparison between Figs 1 and 2 suggests that in the light of the many more data acquired since Adams' (1979) study, amplitude is a better statistic to use for determination of event magnitude. Adams also suggested that there may be saturation of elastic vibration close to the source of larger events. The good linear regression in Fig. 2 , with the many more data now available, implies that this does not occur, at least for tests of the size recorded t o date.
This finding is an interesting distinction between earthquakes and explosions. T-phases recorded from earthquakes d o exhibit an amplitude saturation with increasing magnitude. This is because of the high-frequency content of the T-phase. The predominant frequency as recorded on the WWSSN instrument is about 4 Hz. The large source dimensions of large earthquakes result in a corner frequency less than this, causing saturation. It is for this The main arrival (A) is followed by smaller arrivals (B) and (C) before the arrival (D), 110 s after (A), which was identified by Adams (1979) .
reason that the duration of the T-phase is used as a measure of earthquake moment in tsunami warning procedures (Talandier & Okal 1979) . The amplitude saturates for large events because of the shape of the spectrum. But for nuclear explosions the source size is much smaller. It does not scale with magnitude in the same way as it does for earthquakes. And because measurements of the duration of artificially-generated T-phases are complicated by the arrival of reflected energy, the amplitude proves t o be the more useful parameter.
Station corrections and corrected magnitudes
The magnitudes assigned by the NEIS and plotted in Figs 1 and 2 are determined as the mean of the individual station magnitudes. This is standard procedure. But station corrections for some stations turn out to be large (see below) and this can affect the mean magnitude significantly when only a few stations report the event. For a large event, recorded by many stations, station magnitudes showing large scatter are usually rejected on the basis of the assessed standard deviation. But for a small event with few reported amplitudes, outliers are usually not rejected because of the larger estimate of the standard deviation. This means that the magnitudes for large events are more reliable than for small ones, not just because they represent the mean of more individual values but also because of the rejection of the most widely scattered data. These explosions are all detonated in a small test area, so the epicentral distances to stations are essentially constant from event t o event. Station corrections can therefore be determined, and used to provide more reliable estimates of the mean magnitude. Individual station magnitudes for each event are given in the NEIS Earthquake Data Reports. An appropriate procedure is to determine corrected magnitudes for all the events and individual station corrections simultaneously, by using group analysis of variance (e.g. Bolt & Freedman 1968; von Seggern 1973) . The procedure requires a constraint; a suitable one, used here, is that the sum of all the station corrections be zero.
This procedure was followed first of all for all the data, but was found to be inappropriate because many of the stations which reported in 1975-79 did not do so in 1980-85. So the two data sets were treated separately. Table 1 shows the NEIS values of mb, for events where this was available, with the corrected value and its standard error determined using the analysis of variance procedure and the two data sets 1975-79 and 1980-85. In Table 2 , the station corrections and their standard errors are shown for the results from each of the two data sets. The substantially larger standard errors determined from the 1975-79 data indicate the larger scatter in those data. All stations which reported at least two Mururoa amplitudes were included in the analysis. Some outliers were rejected; Table 2 shows the number of events actually used for each station, within each time window. where amp is the trace amplitude in millimetres. The best fitting straight line of arbitrary slope is not significantly different from the line of unit slope which is shown. Nor is there any significant curvature in the data, t o warrant more complexity than a linear relationship. Use of equation (1) allows magnitudes to be determined for the small events recorded at Rarotonga but which did not figure in the NEIS listings. Table 1 gives the magnitudes determined from the T-phase amplitudes. For the 1980-85 data equation (1) is used for this conversion. Earlier data are shown bracketed; for them the conversion is done using the relationship mh = (4.55 * 0.07) + log (amp) (2) which is the best straight line of unit slope through the 1975-79 data, but it does not represent those data well.
Relationship between T-phase amplitude and magnitude

Explosion yields
Yields are not announced by the French authorities. To compute yields from body-wave magnitudes therefore involves assumptions about the efficiency of conversion to seismic energy. Bache (1982) gives a relationship for low porosity, competent materials:
where W is the yield in kilotons and m2 is close to mh but with a small correction for receiver-station attenuation. But for mh = 6 this gives the improbably high yield of 553 kton. An alternative relationship must be sought. It is unlikely that the largest events, of mh about 6, greatly exceeded the 1 5 0 kton limit observed by the United States and the Soviet Union. Further, it should be noted that Bache's relationship was determined largely from tests in dry continental areas, in particular the Nevada Test Site. For an oceanic area the coupling in saturated basalt is likely t o be better, so one could assume that a 1 kton test has an mh somewhat higher than the 4.08 figure given b y equation (3), say. 4.2. These two assumptions together give the relationship
which is used in Table 1 for the computation of the figures in the final column. Its use is justified only by the above discussion, and its purpose is simply t o provide plausible estimates of yield, for comparison among events.
Discussion
A few questions remain unanswered. Chief among them is the scatter in the 1975-79 data. This contributed to the uncertainty in the magnitude of the 1985 May 8 event, as determined from the T-phase amplitude. Because of the similarity to the 1979 July 25 event, for which the magnitude from NEIS was 6.0, it was assumed to have an equal magnitude, and initial estimates of yield were made accordingly. But Figs 2 and 4 show the 1979 event to be among the more scattered data. The magnitude of the 1985 event was subsequently determined by the NEIS to be 5.7, which corresponds t o a much lower yield.
The analysis of variance procedure showed that there is much more uncertainty in the magnitude determinations for the 1975-79 data than for 1980-85. This implies that the scatter evident in Fig. 1 is in the magnitude determinations and independent of the T-phase amplitudes. I t is thus not due to any details o f depth of burial, etc, or other procedures at the test site which may have changed over the years, affecting the T-phase radiation. Rather it seems to be the amplitude reporting procedures and the substantially different network in those early years.
Some stations have very large station corrections. Warramunga Array (WRA) in Australia is a case in point (0.57 from 1975-79 data, 0.72 from 1980-85) . Use of data from this station, without correction, often reduces NEIS magnitudes for small events. For large events the WRA reading is often rejected as an outlier. It is interesting t o note that the corrections for the nearby stations ASP and ASPA are very similar, although little other geographical consistency in the table of station corrections could be found.
